Conclusions: We found no benefits of HDF over high-flux HD with respect to anemia management, nutrition, mineral metabolism, and BP control. The mortality benefit associated with HDF requires confirmation in large randomized, controlled trials. These data may contribute to their design.
H emodiafiltration (HDF) was first described in the 1970s (1) as a treatment that combines the benefits of diffusion and convection but remains little used. Standard hemodialysis (HD) provides excellent small molecule clearance, but mortality remains high in the dialysis population. Increasing recognition that "middle molecules" contribute to morbidity has fueled the development of techniques to enhance their clearance. Unmodified cellulosic membranes allow ultrafiltration (UF) rates of up to 5 to 6 ml/h/mmHg per m 2 . Development of high-flux membranes has allowed higher rates over 20 ml/h/mmHg per m 2 , favoring convection, while being thin enough to permit diffusion. HDF combines diffusion and convection. The large convective volumes that are generated using high-flux membranes are replaced with substitution fluid, from either commercially available bags or using ultrapure dialysis fluid in a technique known as online HDF (2) . Development of the online HDF technique has overcome many of the practical and economic difficulties in delivering HDF to large numbers of patients.
Despite these developments, there is a paucity of outcome data comparing HDF with conventional HD. Furthermore, no large published outcome studies have directly compared survival between online HDF and high-flux HD. HDF has been demonstrated to be a superior provider of middle molecule clearance (3) (4) (5) . Observational studies have suggested that increased ␤2 microglobulin clearance by high-flux HD is associated with reduced incidence of dialysis-related amyloidosis compared with low-flux HD (6, 7) . Compelling data from the Membrane Permeability Outcome Study (8) suggest that highflux HD provides a survival benefit compared with low-flux HD, at least in patients with low serum albumin.
HDF outcome data range from moderate-sized safety and efficacy studies (4,9 -11) to large registry studies (12, 13) . Recent data from the Cardiovascular Risk in Dialysis (RISCAVID) study suggest a survival benefit for both online HDF and sterile bag HDF over standard low-flux HD (14) ; however, data comparing outcomes between high-flux HD and HDF are limited to a very small (n ϭ 76), single-center, randomized, crossover study (15) , which demonstrated improved ␤2 microglobulin clearance with online HDF, but the study design did not allow conclusions to be drawn about mortality.
The aim of our study was to compare outcomes, including survival, between online HDF and high-flux HD at our renal unit, where these techniques have been used routinely for almost two decades. Incremental dialysis has been integral to our HD program throughout this period. Our total Kt/V target for both high-flux HD and HDF is the sum of dialysis and residual renal components. This approach has required monthly monitoring of residual renal function. For much of the study period, selection of patients for treatment with HDF favored those with less residual function.
Comparing outcomes between HDF and HD in retrospective studies in which treatment modality was not randomly selected may introduce bias, as described by Fisher and Lin (16) . In our study, comparison of survival between patients who were treated predominantly with HDF (Ͼ50% treatments) and predominantly with high-flux HD could create bias. Patients with little residual renal function, who had survived longer, may have been crossed over from HD to HDF, distorting differences between groups. We addressed this by comparing survival on the basis of proportion of time that each patient had spent on HDF during his or her dialysis career as a time-dependent variable. This statistical technique has been recommended to limit bias when treatment crossover may have occurred (16) .
Materials and Methods

Patients
We retrospectively studied all incident HD patients at our renal unit who underwent dialysis for Ն3 mo between 1989 and 2007 (n ϭ 858). Patients were excluded for the following reasons: Previous renal replacement therapy of any type including transplantation, transfer of care from a different renal unit, or recovery of renal function beyond 3 mo.
HD Program
Patients were treated exclusively using high-flux membranes, predominantly polysulphone. Polyacrylonitrile and other biocompatible membranes were used in a small minority. During the earlier part of the study, dialyzers were reused for patients who did not have hepatitis, but reuse was zero after 2003. Bicarbonate was used exclusively as the buffer, and ultrapure water was used for HD, online HDF, and the reuse procedure. The HDF fraction was 0.35 of the blood flow rate, and the target HDF volume was 40% of the Watson volume. Water quality was regularly monitored to ensure tight bacteriologic standards (total viable count Ͻ0.1 cfl/ml and endotoxin level Ͻ0.03 EU/ml). Selection of patients for online HDF favored those with large body size and little residual renal urea clearance (KRU Ͻ1 ml/min). Dialysate and replacement fluid ion concentrations were as follows: Sodium 138 mmol/L, chloride 108.5 mmol/L, bicarbonate 32 mmol/L, acetate 3 mmol/L, calcium 1.25 mmol/L, magnesium 0.5 mmol/L, glucose 5.5 mmol/L, and potassium 2 mmol/L.
Dialysis Adequacy and Residual Renal Function
Target total two-pool Kt/V urea (Kt/V Total ) was 1.2 per session for thrice-weekly dialysis for both patients who were on HD and patients who were on HDF. Twice-weekly dialysis was used in a small proportion of patients usually for a few months after HD initiation (target Kt/V Total 2.0). Delivered session Kt/V Total comprised the sum of the dialysis component (Kt/V Dialysis ) and the intermittent equivalent of continuous residual renal urea clearance (Kt/V Renal ), calculated using the method described by Gotch (17, 18) . This takes into account the higher efficiency of urea removal by residual renal function compared with that of a dialyzer. The following formulas were used:
where KRU is residual renal urea clearance (ml/min), f ϭ 9500 for twice-weekly HD or f ϭ 5500 for thrice-weekly HD, and V is Watson volume (ml).
KRU was calculated from a 48-h interdialytic urine collection performed monthly. Collections were performed during the interdialytic period from Monday to Wednesday or Tuesday to Thursday depending on HD schedule. KRU was calculated as follows: KRU (ml/min) ϭ 2(U ID ϫ V ID )/t ID (C post ϩ C pre ) where U ID is urinary urea concentration (mmol/L) in the interdialytic urine collection, V I is urine collection volume (ml), t ID is duration of interdialytic urine collection (min), C post is postdialysis serum urea (mmol/L), and C pre is predialysis serum urea (mmol/L).
Data Gathering
For all patient demographic, body mass index (BMI) and comorbidity data were collected at dialysis initiation. The following data were collected at 3, 6, 12, 24, 36, 48 , and 60 mo after HD initiation:
1. Treatment modality (HDF or high-flux HD) for each individual session, predominant treatment modality from dialysis initiation to each time point, and overall predominant modality throughout dialysis career. The term "predominant" describes the treatment modality that provided Ͼ50% of sessions for each patient. 2. Session data: Treatment duration, UF volume, and predialysis BP. Intradialytic complication data (cramps, hypotensive episodes, and intravenous saline boluses) were prospectively routinely collected at each HD session. Survival outcome data collected were date of HD initiation and date of leaving program by transplantation, death, or transfer.
Statistical Analysis
Definition of Groups for Outcome Comparisons. Survival was compared using two methods. In Kaplan-Meier and multivariate analysis (survival model 1), patients whose predominant treatment modality during their whole HD career was HDF were compared with those for whom it was high-flux HD. Baseline characteristics and intradialytic complications were compared in the same manner. In multivariate survival model 2, we calculated proportion of time spent on each treatment modality up to each time point and examined the relationship of this with survival (see Statistical Techniques).
Other outcomes were compared at different time points with patients classified as predominant-high flux HD or predominant HDF according to their predominant treatment modality up to that time point. These included the data relating to HD adequacy, nutrition, mineral metabolism, UF requirements, BP, and anemia management.
Statistical Techniques. Statistical techniques were conducted using SPSS 16.0.2.
Comparison of groups. T tests were used for normally distributed variables, Mann-Whitney U Tests were used for nonparametric data, and 2 tests were used for frequency data.
Survival. Kaplan-Meier analysis compared those whose predominant treatment modality had been high-flux HD throughout their HD career and those whose had been HDF using log-rank tests. Patients were censored for transplantation, conversion to peritoneal dialysis, or loss to follow-up (transfer elsewhere). A Cox proportional hazards model (survival model 1) was used to compare survival in those who were treated with predominant HDF and predominant high-flux HD, correcting for covariates. In this model, survival and risk were calculated with respect to one of the factors, assigned a unitary risk of 1. For example, patients with diabetes were compared to patients without diabetes, the latter not being listed and having a unitary risk of 1. The proportional hazards assumption was tested when appropriate for each covariate using two methods: Inclusion of interacting terms in the model (product of covariate and natural logarithm of survival time) and the Schoenfeld residuals method.
A second Cox regression model (survival model 2) was used to correct for the confounding effects of switching patients between treatment modalities, dialysis dosage, and residual renal clearance. Missing KRU data equating to 11% of the sample were replaced using linear regression to estimate values on the basis of other measurements for the respective patient. 
Results
Baseline Characteristics
Of the 858 patients studied, 626 were treated predominantly with high-flux HD and 232 with HDF throughout their dialysis careers. A total of 50.7% of patients had no dialysis sessions delivered as HDF. Patients who were treated predominantly with high-flux HD had a median percentage of sessions delivered as HDF of 0% (interquartile range [IQR] 14%). Those who were treated predominantly with HDF had median of 79% of sessions delivered as HDF (IQR 27%). The patients in the predominant HDF group were more likely to be male (P Ͻ 0.001; Table 1 ) and younger (P Ͻ 0.001) and to have a higher body weight (P Ͻ 0.001) and BMI (P Ͻ 0.001). Peripheral vascular disease and malignancy also were less prevalent in this group (P ϭ 0.002 in both cases). Mean UF volume was 14.9 Ϯ 3.9 L for patients on HDF with a range of 5.8 to 33.2 L. Figure 1 demonstrates that mean Kt/V Total delivered to patients in the predominant HDF and high-flux HD groups did not differ except that at 24 mo Kt/V Total was lower in the HDF group (P ϭ 0.049). Kt/V as a result of residual renal function (Kt/V Renal ) was significantly lower in the patients who were treated predominantly with HDF at all time points. Because Kt/V Renal was lower in patients who were on HDF, the higher Kt/V Dialysis necessary to achieve equality of Kt/V Total was achieved through a combination of longer treatment duration in the HDF group (P Ͻ 0.001 all time points), higher dialysis fluid flow in the first 2 yr of dialysis (P Ͻ 0.006), and higher blood flow (significant at the 48-and 60-mo time points). There was no difference in dialysis session frequency between patients who were on HDF and high-flux HD at any time point (P varying from 0.461 to 1.000). 
Dialysis Dosage Differences between High-Flux HD and HDF
Dialysis Adequacy Parameters
There was no difference in blood urea (Table 2) between patients who were treated predominantly with high-flux HD and HDF at any time point, but serum creatinine was higher in those who were on HDF throughout (P varying from Ͻ0.001 to 0.004). There were no differences in serum sodium, potassium, and bicarbonate between the groups at any time point up to 60 mo except for a higher mean potassium at 6 mo in HDF patients.
Fluid Balance Parameters
Systolic and diastolic BP did not differ between the predominant high-flux HD and HDF groups at any time point up to 60 mo (Figure 2 ), except for a higher mean systolic BP at 36 mo in the high-flux HD group (P ϭ 0.02). Mean UF rate was significantly higher in the predominant HDF group at all time point up to 60 mo (P varying from 0.003 to Ͻ0.001; Figure 3 ).
Anemia Parameters
Mean serum hemoglobin levels were higher in patients who were treated predominantly with HDF at 24 and 36 mo (Table  3 ). There were no significant differences at other time points. Erythropoietin dosage was higher in the predominant HDF group at 3 and 36 mo (P Ͻ 0.05 in both cases), but erythropoietin resistance index did not differ significantly between groups at any time point.
Nutrition/Inflammation Parameters
Mean serum albumin (Table 4) was not significantly different between patients who were treated predominantly with HDF or high-flux HD at any time point. BMI was higher in patients who were treated with predominantly HDF at all time points from 6 to 60 mo (Table 4) . Although higher at baseline, serum CRP levels were lower in patients who were treated predominantly with HDF at all subsequent time points, significantly so at 12 and 24 mo (P ϭ 0.031 and 0.015, respectively). 
Bone Function Parameters
Corrected serum calcium, phosphate, and PTH were similar in the predominant HDF and high-flux HD groups at all time points (Table 4 ) except that at 24 mo, phosphate and PTH levels were higher in patients who were on HDF (P ϭ 0.019 and 0.045, respectively).
Intradialytic Complications
Hypotensive episodes were more frequent in patients who were treated predominantly with high-flux HD compared with those who were treated predominantly with HDF (median 0. 
Survival Analysis
In a Kaplan-Meier survival analysis patients in the predominant HDF group had significantly better survival compared with those in the predominant high-flux HD group (P Ͻ 0.001). Median survival was 3.4 yr (95% confidence interval [CI] 3.0 to 3.8) for those who were on predominantly high-flux HD and 7.2 yr (95% CI 6.1 to 8.3) for those who were on predominantly HDF.
Survival model 1 compared survival in the predominant high-flux HD group with that in the predominant HDF group, after correcting for covariates (Table 5, Figure 4) . The hazard ratio (HR) for death was significantly lower in those who were treated with predominantly HDF compared with those who were on high-flux HD (HR 0.45; 95% CI 0.35 to 0.59; P Ͻ 0.001). Age, malignancy, and diabetes status were significant independent predictors of increased risk for death with HRs shown in Table 5 .
Survival model 2 ( Table 6 ) was designed to study the interaction between proportion of dialysis career time spent on HDF and survival. For each patient, the time-dependent covariate HDF Time varied in a binary way between 0 and 1 with time, depending on whether treatment type was HD (0) or HDF (1). Age, BMI, and comorbidities were entered into the model in addition to KRU and Kt/V Dialysis , the last two being included as time-dependent covariates. Proportion of time spent on HDF (HDF Time ) was a significant independent predictor of reduced risk for death (HR 0.66; 95% CI 0.47 to 0.92; P ϭ 0.014). The interpretation of this is that a patient who was treated with HDF for 100% of their dialysis career would have a hazard of death of 0.66 compared with a patient who was treated for 100% of the time with high-flux HD. In this model, KRU was a significant independent predictor of survival after taking into account its time-dependent variation with a unitary 1-ml/min increase in KRU conferring a reduced hazard for death of 0.80 (95% CI 0.75 to 0.86). Kt/V from dialysis as a time-dependent covariate was also a significant independent predictor for reduced risk for death (HR 0.58; 95% CI 0.41 to 0.83). A unitary increase in BMI of 1 was associated with a reduced hazard for death of 0.98 (95% CI 0.960 to 0.999). Malignancy and diabetes status were associated with a significantly increased hazard for death.
Discussion
Online HDF may confer potential advantages over standard and high-flux HD. Our data suggest an association of predominant HDF treatment and improved mortality, compared with high-flux HD. In addition, the proportion of dialysis career time spent being treated with HDF independently predicted survival, despite correction for confounding variables including age, BMI, comorbidity, residual renal function, and dialysis dosage (Kt/V Dialysis ).
No previous large studies have compared outcomes between patients who were treated with online HDF and high-flux HD. A small, single-center, crossover, randomized trial by Schiffl (15) did not find differences in mortality between online HDF and high-flux HD; however, that study was too small (n ϭ 76) to demonstrate any survival differences and was also con- Figure 2 . BP in patients who were treated with predominantly high-flux HD and HDF at different time points. There was no significant difference in BP between groups at any time point except that predialysis systolic BP was significantly higher in the high-flux HD group at 36 mo (P ϭ 0.02). This distinction is important, because there is now some evidence from prospective studies that high-flux membranes confer survival benefit. The Membrane Permeability Outcomes study (8) suggests that, at least for patients with hypoalbuminemia and those with diabetes, high-flux HD is superior to standard HD. Subgroup analysis of the HEMO study had previously suggested a survival benefit of high-flux HD in the those who had undergone dialysis for Ͼ3.7 yr (20, 21) . In considering the potential benefits of one treatment modality over another, the effect of selection bias needs to be examined critically. Patients who were treated predominantly with HDF tended to be younger and have a higher body weight and were less likely to have malignancy. Conversely, they were more likely to have low levels of residual renal function compared with those on high-flux HD. Further bias may exist when comparing treatment modalities because of the inherent tendency for patients to be crossed over to the treatment perceived to be superior by clinicians. Various statistical methods may be used to try to reduce the effect of this bias (16) , but it is impossible to eliminate. We used a method whereby a timedependent covariate was created for each patient, varying between 0 and 1 at different time points depending on how much time had been spent on HDF. This was possible only because the treatment modality of every session had been prospectively recorded. This technique usually cannot be used in large registry data sets because of lack of data on individual dialysis sessions. We demonstrated in survival model 2 that the mortality benefit associated with HDF persists after taking into account not only factors such as age, BMI, comorbidity, residual Treatment with predominantly HDF (Ͼ50% sessions) was a significant independent predictor of reduced risk for death compared with treatment with predominantly high-flux HD in this multivariate analysis. Age, malignancy, and diabetes status were significant independent predictors of increased risk for death. Figure 4 . Cox proportional hazards model demonstrating survival differences between patients in whom the predominant treatment modality was HDF and high-flux HD. Treatment with HDF was an independent risk factor predicting a lower hazard for death (HR 0.46; P Ͻ 0.001). Other factors included in the model are shown in Table 5. renal function, and dialyzer clearance but also the crossover of patients from one modality to another, although the magnitude of the benefit was reduced compared with model 1. Our second survival model demonstrated a reverse association of BMI with mortality in keeping with previous studies (22, 23) .
Identifying the patient group that stands to benefit most from the addition of a convective component to diffusive clearance is important for both treatment and the design of randomized, controlled trials (RCTs). Prevalent patients (Ͼ3.7 yr vintage) in the HEMO study seemed to benefit from the use of high-flux membranes, and there was an association between ␤2 microglobulin levels and mortality (20, 21) . Presumably, these patients had very low levels of residual renal function. We previously demonstrated the critical dependence of ␤2 microglobulin levels on residual renal function (24) . The MPO study (8) , which randomly assigned incident patients, failed to find outcome differences between those who were treated with high-and low-flux membranes, except in the very-high-risk subgroups. The presence of residual renal function may have overridden the benefit of the added convective clearance in lower risk groups. We hypothesize that HDF may be most beneficial in patients with low levels of residual renal function. Enhanced middle molecule clearance has other benefits. Previous studies demonstrated improved ␤2-microglobulin clearance by HDF (11, 25, 26) , and one retrospective study suggested that convective dialysis treatments reduce the incidence of carpal tunnel syndrome (27) .
There were fewer hypotensive episodes in the HDF group, despite their higher UF requirements. Previous studies demonstrated similar benefits (28, 29) , although such findings are not universal (30, 31) . It seems that a cooling effect of the infusate may play a major role (31, 32) . There has been some concern that using the same dialysis fluid sodium level in online HDF and HD may result in sodium loading in the HDF group. Our data suggest that this may not be a major problem because serum sodium levels and predialysis BP were similar in both groups. There is no consensus in the literature on BP differences in patients who were treated with HD and those who were on convective treatments (29,30,33,34 ).
We found no advantage of HDF over high-flux HD in anemia management. Although hemoglobin levels were higher in the predominant HDF group at several time points, there was no difference between the groups with respect to erythropoietin resistance index at any time point. Previously, a small (n ϭ 70) crossover design study (35) found a higher hematocrit at a lower erythropoietin dosage while patients were treated with HDF, although the comparison group was standard, not highflux HD. Our results do seem to conflict with those of Maduell et al. (25) , who demonstrated improved hemoglobin levels and reduced erythropoietin requirements after conversion from low-volume HDF to online high-volume HDF. This was attributed to the higher convection volumes, although there were also significant differences in urea clearance. We have not demonstrated a nutritional benefit of HDF over high-flux HD, as suggested by others (29) , although our analysis was confined to a comparison of serum albumin levels and BMI; however, our data do suggest a beneficial effect of HDF on inflammatory status, CRP being generally lower in the HDF group, significantly at two time points.
Phosphate levels were higher in patients who were on HDF compared with high-flux HD at all time points, although this reached statistical significance only at 24 mo. This is likely to be a result of lower levels of residual renal function in the HDF group. There were no substantial differences in corrected calcium and PTH between patients who were on high-flux HD and patients who were on HDF. Changes in prescription of calcium-based phosphate binder make it difficult to assess from our data whether patients with HDF may benefit from a higher dialysate calcium (e.g., 1.5 instead of 1.25 mmol/L) as suggested previously by Malberti and Ravani (36) .
Our study is mainly limited by its retrospective design and the potential for selection bias in treatment modality. We therefore advise caution in interpreting the results of this study, because the association of HDF with improved survival cannot be extrapolated to conclude a cause-effect relationship. In addition, our method used to adjust for residual renal and Kt/ V Dialysis in the survival analysis is not commonly used.
A number of RCTs to compare high-flux HD and online HDF Proportion of time spent on HDF was included in model 2 as a time-dependent covariate (HDF Time ) to take into account the bias effect in model 1 of conversion of longer surviving patients to HDF. Increasing proportion of time spent on HDF was a significant predictor for survival with a patient spending 100% of time on HDF having an HR for death of 0.66 (95% CI 0.47 to 0.92).
are reported as being under way. The Dutch Convective Transport Study (CONTRAST) will randomly assign 800 patients to either low-flux HD or HDF (37) . An Italian multicenter study will randomly assign 250 patients to low-flux HD or convective therapy, equally split between HDF and hemofiltration (38) . A large French multicenter RCT will compare online HDF with high-flux HD in 600 dialysis patients aged Ն65 yr (39) . We eagerly await the results of these trials. Our data suggest that to demonstrate a survival benefit of HDF over high-flux HD will require large numbers of patients unless higher risk subgroups are selected, such as those with low levels of residual renal function.
In the absence of randomized, prospective studies, we believe that it is reasonable to conclude that online HDF is a logical and safe therapy and at least as effective as high-flux HD in maintaining the life and well-being of dialysis patients. We have provided unique comparative data between high-flux HD and online HDF. There are suggestions of survival benefit for HDF, but we recommend caution with interpretation of these retrospective data.
